Abstract Bone adaptation to changes in mechanical stimuli occurs by adjusting bone formation and resorption by osteoblasts and osteoclasts, to maintain optimal bone mass. Osteocytes coordinate the actions of these cells on the bone surface by sensing mechanical forces and producing cytokines that increase or prevent osteoblast and osteoclast differentiation and function. Channels formed by connexins (Cxs) and, in particular, connexin 43 (Cx43) in osteoblasts and osteocytes are central part of this mechanism to control bone mass. Cx43 hemichannels are opened by fluid flow and mediate the antiapoptotic effect of mechanical stimulation in vitro, suggesting that Cx43 participates in mechanotransduction. However, mice lacking Cx43 in osteoblasts and/or osteocytes show an increased anabolic response to loading and decreased catabolic response to unloading. This evidence suggests that Cx43 channels expressed in osteoblastic cells are not required for the response to mechanical stimulation, but mediate the consequence of lack thereof. The molecular basis of these unexpected responses to mechanical stimulation is currently under investigation.
Introduction
The coordinated response of bone to hormonal, pharmacologic, and mechanical stimuli requires communication among bone cells. In particular, it has been proposed that mechanical forces are "sensed" by osteocytes buried in the bone matrix and that these cells send signals to osteoblasts and osteoclasts on the bone surface, increasing or decreasing their activity [1] . Osteocytes communicate among each other and with cells on the bone surface through gap junction channels formed by six molecules of connexin (Cx) arranged on the cell membrane and docked to another hexamer (or connexon) in the adjacent cell membrane. In bone cells, gap junction channels are formed mainly by connexin 43 (Cx43) [2] [3] [4] [5] [6] [7] , although Cx45, Cx46, and Cx37 have also been described [8, 9] . In addition to gap junction channels, Cx43 hemichannels expressed in unopposed cell membranes mediate communication of cells with the extracellular environment [10] . Based on the fact that osteocytes, the proposed mechanosensory cells in bone, are buried in the mineral and can communicate among themselves and with cells on the bone surface through both hemichannels and gap junction channels, it has been long proposed that Cx43 channels mediate the effect of mechanical stimulation on bone, predicting that Cx43 is required for bone adaptation to mechanical forces. Unexpectedly, however, recent evidence shows an increased anabolic response to loading, in mice lacking Cx43 in osteoblasts and/or osteocytes [11••, 12••, 13••, 14] (Fig. 1) . Nevertheless, the molecular bases for this enhanced effect remains unknown. This review summarizes our current understanding on the role of Cx43 in mechanotransduction in bone.
Cx43-Mediated Gap Junction Communication and Mechanical Stimulation In Vitro
Osteoblasts and osteocytes express high levels of Cx43, and mechanical stimulation has marked effects on Cx43-related functions in both cell types [15, 16] . Loading increases Cx43 expression in murine bones in vivo and in osteoblastic and osteocytic cells in vitro [17] [18] [19] [20] . Mechanical stimulation also increases Cx43 phosphorylation and the localization of the protein on the plasma membrane [21] . Not only the expression of Cx43 but also cell-to-cell communication is enhanced by mechanical stimulation, as evidenced by using different means to induce cell loading. Earlier studies showed that biaxial membrane stretching using the Flexercell system increased intercellular communication in osteoblast-like ROS17/2.8 cells and to a lesser extent in UMR106-01 cells, which are less well coupled [18] . Similarly, oscillating fluid flow increased cell-to-cell coupling in MC3T3-E1 osteoblastic cells [22] and in MLO-Y4 osteocytic cells [21] . Cell membrane deformation to induce mechanical stimulation in single cells increased dye transfer in simian virus-40-immortalized human osteoblastic HOBIT cells [23, 24] , and induced calcium signal propagation between MC3T3-E1 osteoblastic cells and MLO-Y4 osteocytic cells [7] . Both effects were prevented by β-glycyrrhetinic acid, an agent that blocks connexin channels. Furthermore, propagation of slow intercellular calcium waves in human osteoblastic cells also appears to require gap junction communication, as it is abolished by treatment with heptanol [25] , an agent known to induce connexin channel closure [26] .
Stimulation of MC3T3-E1 osteoblastic cells by oscillatory fluid flow leads to release of prostaglandin E 2 (PGE 2 ) by a mechanism that requires intact Cx43 channels [22] , as evidenced by the inhibition of flow-induced PGE 2 release in cells expressing a Cx43 with a mutation in internal cytoplasmic loop that leads to reduced channel permeability [27] . However, expression of this mutant Cx43 did not inhibit the increase in cytosolic calcium induced by fluid flow [22] , raising the possibility that the effect observed with β-glycyrrhetinic acid reported in [7, 24] is due to inhibition of functions of Cx43 not related to channel permeability, or to inhibition of other channels. Indeed, it has been proposed that carbenoxolone, a water-soluble derivative of β-glycyrrhetinic acid, inhibits pannexin and not connexin channels in osteoblastic cells [28] . Taken together, these pieces of evidence indicate that mechanical stimulation by fluid flow induces PGE 2 release and increases cytosolic calcium by distinct mechanisms, which are dependent and independent of Cx43 channel permeability, respectively.
Later studies suggested that Cx43 hemichannels, rather than gap junctions, are responsible for prostaglandin release in mechanically stimulated osteocytic cells (as will be discussed below) [29, 30] . Nevertheless, PGE 2 release induced by mechanical stimulation further increases gap junction communication [31] by a mechanism mediated by the prostaglandin EP2 receptor [32] . These findings are consistent with the existence of a positive feedback loop between Cx43 channels and PGE 2 /EP2 receptor that amplifies the response to mechanical stimulation of osteoblastic cells.
Cx43 Hemichannels and the Biological Consequences of Mechanical Stimulation
In addition to the function of connexins in gap junction cellto-cell communication, biochemical and electrophysiological studies have shown that connexin channels can be expressed in unopposed cell membranes, forming so-called hemichannels [10] . Although mounting evidence indicates that these hemichannels mediate communication of cells with the extracellular milieu, the physiological role of hemichannels remains controversial. The presence of functional Cx43 hemichannels was first reported in osteoblastic and osteocytic cell lines in the early 2000s [24, 33] . The first evidence of hemichannels in osteoblastic cells was suggested by Romanello and D'Andrea [24] . In this study, it was shown that removal of extracellular calcium induces the incorporation of ions and small molecules including the fluorescent dye Lucifer yellow from the extracellular medium and that the uptake of small molecules was blocked β-glycyrrhetinic acid. It was later established that removal of extracellular calcium also induces hemichannel opening in osteocytic MLO-Y4 cells [34] . Furthermore, opening of Cx43 hemichannels was required for the anti-apoptotic effect of the anti-resorptive agents bisphosphonates in osteoblastic and osteocytic cells. These findings raised the question of which are the physiological/ endogenous stimuli that open connexin hemichannels in vivo.
Fluid flow induces the opening of hemichannels in MLO-Y4 osteocytic cells [29, 35] , suggesting that mechanical stimulation is the endogenous stimulus that triggers intracellular signaling via connexin hemichannels. In particular, only hemichannels present in the osteocytic cell body, and not the ones present in the dendritic cytoplasmic projections, are opened by mechanical stimulation [36] . Opening of Cx43 hemichannels induced by mechanical stimulation depends on the interaction of the Cx43 C-terminus cytoplasmic domain with integrins [37] . Thus, fluid flow increases the interaction of α5 and β1 integrins with Cx43 and this interaction is critical for hemichannel opening. Cx43/α5 integrin interaction depends on the scaffolding molecule 14-3-3θ [38] , and silencing of 14-3-3θ prevents the accumulation of Cx43 on the cell membrane and opening of hemichannels induced by fluid flow. Moreover, direct engagement of α5 integrin using activating antibodies induces opening of Cx43 hemichannels even in the absence of mechanical stimulation. Taken together, these studies are consistent with a model in which mechanical stimulation induces the engagement of integrins, which in turn associate with Cx43 through interaction with 14-3-3θ, leading to hemichannel opening. This demonstrates crosstalk between Cx43 and other signaling pathways. A similar intersection of intracellular signaling pathways was shown for Cx43 hemichannel opening and activation of the ERK pathway induced by bisphosphonates, leading to osteoblast and osteocyte survival [34, 39] .
Further studies were performed to establish the physiological role of Cx43 hemichannel opening induced by fluid flow. It was shown that shear stress induced by fluid flow leads to release of PGE 2 [29] . Flow-induced PGE 2 release was blocked by β-glycyrrhetinic acid and by Cx43 anti-sense oligonucleotides, indicating that Cx43 hemichannels are involved in PGE 2 release from osteocytes in response to mechanical stimulation. Similarly, blockade of hemichannels or Cx43 silencing decreases fluid flow-induced ATP release by MLO-Y4 osteocytic cells [40] . However, subsequently, it was shown that activation of purinoceptors increases PGE 2 release, independent of hemichannel formation [40] . Furthermore, PGE 2 release by MC3T3-E1 osteoblastic and MLO-Y4 osteocytic cells is prevented by blockade of P2x7 purinergic receptors, which are activated by ATP [41] . While the mechanism for PGE 2 release is still controversial, the published evidence suggests that mechanical stimulation induces ATP release through Cx43 hemichannels in osteocytic cells. This results in the stimulation of purinergic receptors, followed by release of PGE 2 through a yet to be identified mechanism.
In contrast with the studies supporting the role of Cx43 hemichannels on PGE 2 release detailed above, a more recent report by Thi and colleagues showed that calvarial cells derived from Cx43 null mice still respond to mechanical stimulation, as evidenced by dye uptake through hemichannels, and release PGE 2 [28] . On the other hand, cells lacking the P2X7 receptor did not show increased release of PGE 2 in response to loading. Moreover, Thi and colleagues showed that ATP induced similar levels of dye uptake in calvarial cells regardless of whether they were expressing Cx43. However, ATP did not open hemichannels in the presence of inhibitors of Pannexin1, a transmembrane channel with a similar topology as connexins that only forms hemichannels but does not mediate direct cell-to-cell communication [42] . These findings suggest that hemichannels formed by Pannexin1 and not Cx43 might be responsible for ATP-induced dye uptake in osteoblastic cells. Thus, whether Cx43 or Pannexin1 hemichannels are involved on the response to cells subjected to mechanical stimulation remains controversial.
Regardless of the means by which PGE 2 is released following mechanical stimulation of MLO-Y4 osteocytic cells or the resulting autocrine/paracrine signaling, it is clear that prostaglandin contributes to promotion of osteocyte survival in response to mechanical stimulation. Consistent with this, fluid flow inhibits glucocorticoid-induced apoptosis of MLO-Y4 osteocytic cells, an effect that is reversed by inhibiting prostaglandin synthesis with indomethacin [43] . Furthermore, this study shows that addition of PGE 2 is sufficient to prevent osteocyte apoptosis by a mechanism that requires activation of the cAMP/PKA and PI3K/Akt/β-catenin signaling pathways. These studies, together with evidence that mechanical stimulation leads to engagement of integrins α5 and β1, which in turn activate the kinases FAK/Src and the ERK pathway, promoting osteocyte survival [44] , suggest that mechanical stimulation triggers survival signaling through Cx43 hemichannel opening, thereby contributing to maintenance of osteocyte viability.
In Vivo Mechanical Stimulation and Cx43
Based on in vitro observations, and on early studies showing the existence of gap junctions between osteocytes and osteoblasts on the bone surface [45] [46] [47] , it was proposed that the response to mechanical stimulation requires Cx43 expression in vivo. Consistent with this, Cx43 fl/− ;Col1a1-2.3 kb-Cre mice in which Cx43 is deleted from pre-osteoblasts, osteoblasts, and osteocytes exhibit an attenuated response to the anabolic action of mechanical stimulation induced by tibia loading by three-point bending [48] . This was demonstrated by a lower increase in endocortical bone formation rate and mineral apposition rate in the Cx43-deficient mice compared to control littermates. Importantly, the tibial loading protocol used in this study resulted in exuberant woven bone on the periosteal surface, suggesting that the load was damaging the bone and therefore not representative of physiological loads. However, subsequent studies using loads consistent with physiological activity demonstrated, surprisingly, an enhanced anabolic response to load on the periosteal surface in mice lacking ;Dermo1-Cre mice resulted in decreased bone formation parameters on the endocortical surface [12••] . However, mechanical stimulation did not decrease bone formation on the endocortical surface in the presence or absence of Cx43 in osteocytes [13••] . This suggests that Cx43 expression in osteoblasts, but not osteocytes, is required to maintain endocortical bone formation under mechanical stimulation.
The mechanism by which Cx43 deletion enhances the anabolic response to loading is not completely understood. Osteocytic cells and bone from mice lacking Cx43 in osteocytes exhibit increased β-catenin levels and expression of Wnt target genes, suggesting that in the absence of the connexins, osteocytes are primed to respond to mechanical forces [13••] . Indeed, it has been shown that Cx43 can bind β-catenin, thus inhibiting Wnt activated β-catenin nuclear translocation [49] [50] [51] . Furthermore, β-catenin nuclear translocation suppresses RANKL expression [52] [53] [54] [55] , suggesting that Cx43, RANKL, Wnt, and β-catenin are critical to the mechanism by which bone cells respond to mechanical signals [16] . Moreover, deletion of one allele of β-catenin in β-catenin +/− mice abolishes the anabolic response to mechanical loading, suggesting that a certain level of β-catenin is needed to invoke a response [56] . In addition, the levels of Sost/sclerostin, and the proportion of osteocytes expressing this protein, are decreased in several models of Cx43 deficiency [57] [58] [59] , raising the possibility that the absence of the Wnt inhibitor might contribute to enhanced bone formation in both control and loaded bone. In particular, the prevalence of osteocytes devoid of sclerostin (likely due to accumulation of apoptotic osteocytes) is elevated in the areas were bone formation is increased [57] , giving further support to the notion that absence of Wnt inhibition results in increased bone formation in mice lacking Cx43 in osteoblastic cells.
Unloading and Cx43
The role of Cx43 in skeletal mechanotransduction has also been studied under conditions of reduced mechanical load. For this, mice lacking Cx43 in osteoblasts and osteocytes (Cx43 fl/− ;Col1a1-2.3 kb-Cre) were treated with botulinum toxin A, injected into the quadriceps and triceps to induce muscle paralysis [60] . The treatment results in a significant decrease in muscle area and cancellous bone mass in both control and Cx43-deficient mice. On the other hand, increased marrow cavity area and osteoclast number on the endocortical surface and reduced cortical thickness were only observed in control mice expressing Cx43 in osteoblastic cells. Similarly, immobilization by tail suspension induced a comparable decrease in gastrocnemius mass in control mice and in mice lacking Cx43 in mature osteoblasts and osteocytes (Cx43 fl/ fl ;OCN-Cre) [14] . On the other hand, in this model, unloading induced a blunted decrease in cancellous bone mass in Cx43-deficient mice, while the effect of tail suspension on cortical bone mass and geometry was similar to that of control littermates. However, the reduction in bone formation on both periosteal and endocortical bone were abolished in Cx43 fl/ fl ;OCN-Cre mice. A follow-up study showed a similarly blunted effect on the increase in empty osteocyte lacunae and in the fraction of Sost/sclerostin-positive osteocytes, SOST expression, and the decrease in Cx43-expressing viable osteocytes induced by unloading in Cx43-deficient mice [59] . Moreover, osteoclast number and surface were only increased in control mice subjected to tail suspension in both cancellous and cortical bone. Interestingly, the effects of unloading on bone mechanical properties were more profound in mice lacking Cx43 in osteoblastic cells than in control mice [14] . Taken together, these pieces of evidence indicate that Cx43 expressed in osteoblastic cells facilitates bone loss with immobilization and that in its absence, bones are less sensitive to lack of mechanical signals.
Conclusion
In summary, the role of Cx43 in osteoblastic cells, and its participation in the transduction of mechanical signals, is complex. While Cx43 expression and, in particular, Cx43 hemichannels appear to be required for the survival effect of mechanical stimulation mediated by PGE 2 in vitro, the role of the connexin in vivo is not so direct. Thus, mice lacking Cx43 in osteoblastic cells do not show a cancellous bone phenotype under normal ambulatory conditions. However, they consistently exhibit increased bone tissue and marrow cavity area in the femoral mid-diaphysis. Moreover, and unexpectedly, deletion of Cx43 from osteoblastic cells enhances the anabolic response to mechanical loading and decreases the catabolic response to unloading. Furthermore, deletion of Cx43 in different cell populations has different consequences on the response to mechanical loading, or lack thereof, in vivo. In particular, deletion of Cx43 from osteochondoprogenitors, osteoblast precursors, mature osteoblasts, or osteocytes (and consequently, from the progeny of these cells) results in enhanced anabolic response to mechanical stimulation on the periosteal surface. On the other hand, deletion of Cx43 from osteochondroprogenitors, but not from terminally differentiated osteocytes, reduces the increase in bone formation induced by mechanical stimulation on the endocortical surface. These effects demonstrate complex, multifaceted role of Cx43 in skeletal acquisition and maintenance and in bone mechanotransduction (Fig. 1) .
